Hepatitis C virus (HCV) exploits host membrane cholesterol and its metabolism for progeny virus production. Here, we examined the impact of targeting cellular squalene synthase (SQS), the first committed enzyme for cholesterol biosynthesis, on HCV production. By using the HCV JFH-1 strain and human hepatoma Huh-7.5.1-derived cells, we found that the SQS inhibitors YM-53601 and zaragozic acid A decreased viral RNA, protein, and progeny production in HCV-infected cells without affecting cell viability. Similarly, small interfering RNA (siRNA)-mediated knockdown of SQS led to significantly reduced HCV production, confirming the enzyme as an antiviral target. A metabolic labeling study demonstrated that YM-53601 suppressed the biosynthesis of cholesterol and cholesteryl esters at antiviral concentrations. Unlike YM-53601, the cholesterol esterification inhibitor Sandoz 58-035 did not exhibit an antiviral effect, suggesting that biosynthesis of cholesterol is more important than that of cholesteryl esters for HCV production. YM-53601 inhibited transient replication of a JFH-1 subgenomic replicon and entry of JFH-1 pseudoparticles, suggesting that at least suppression of viral RNA replication and entry contributes to the antiviral effect of the drug. Collectively, our findings highlight the importance of the cholesterol biosynthetic pathway in HCV production and implicate SQS as a potential target for antiviral strategies against HCV.
H
epatitis C virus (HCV) is a causative agent of acute and chronic hepatitis, which can eventually lead to cirrhosis and hepatocellular carcinoma. HCV infection is recognized as a major threat to global public health, with 130 to 150 million people worldwide being infected with the virus (1) . Over the last decade, the standard therapy for chronic HCV infection has been a combination of pegylated interferon alpha and ribavirin (2) , but that has greatly changed after the emergence of first direct-acting antivirals that selectively target HCV, i.e., telaprevir and boceprevir (3, 4) . These drugs, both used in combination with pegylated interferon and ribavirin, have brought significant benefits to patients who did not respond to the conventional therapy. In addition, recent clinical data on the newly approved direct-acting antivirals simeprevir and sofosbuvir have provided novel insights on combination therapies with inhibitors of multiple targets (5) . However, direct-acting antivirals are frequently associated with the emergence of drug-resistant HCV variants, likely leading to treatment failure (6) . Thus, development of host-targeted agents, which are expected to have a high genetic barrier to resistance, should be encouraged to expand treatment options for chronic hepatitis C.
HCV is an enveloped, positive-sense, single-stranded RNA virus belonging to the Hepacivirus genus of the Flaviviridae family. The HCV genome is 9.6 kb in length and contains a single open reading frame encoding a large polyprotein of approximately 3,000 amino acids. Translation of the polyprotein is directed by an internal ribosome entry site (IRES) located mostly in the highly conserved 5= untranslated region (7) . The polyprotein is co-and posttranslationally processed into three structural proteins (core, E1, and E2), a small ion channel protein (p7), and six nonstructural proteins (NS2, NS3, NS4A, NS4B, NS5A, and NS5B) by cel-lular and viral proteases (8) (9) (10) . The nonstructural proteins assemble on the endoplasmic reticulum (ER)-derived membranes and recruit the viral genome into an RNA replication complex (11, 12) . Several lines of evidence suggest that HCV is closely associated with cholesterol and its metabolism throughout the viral life cycle in hepatocytes (13) . In a previous study using a cholesterol-extracting drug, methyl-␤-cyclodextrin, HCV entry was found to be in part dependent on the host membrane cholesterol content (14) . Biochemical studies suggest that HCV RNA replication takes place on lipid rafts (15) (16) (17) , i.e., detergent-resistant membrane microdomains enriched in cholesterol and sphingolipids (18) . Lipid rafts also appear to be involved in HCV virion assembly because the viral structural proteins are associated with them (19, 20) . Virion assembly occurs at the ER membranes immediately adjacent to the lipid droplet (21, 22) , a major storage organelle for cholesteryl esters and triglycerides. Subsequent maturation and release of viral particles are tightly linked to the very-low-density lipoprotein (VLDL) secretion pathway (reference 22 and references therein; 23). Indeed, the lipid composition of secreted viral particles resembles that of VLDLs and low-density lipoproteins (LDLs), with a large amount of cholesteryl esters (24) . The viral particles are also enriched in cholesterol and sphingomyelin, both of which are important for particle maturation and infectivity (19) .
Cholesterol is synthesized from acetyl coenzyme A (acetylCoA) via a series of enzymatic reactions shown in Fig. 1 . The rate-limiting enzyme of the cholesterol biosynthetic pathway is 3-hydroxy-3-methylglutaryl (HMG)-CoA reductase, which catalyzes the synthesis of mevalonate (25) . Previous studies have shown that HMG-CoA reductase inhibitors or statins (26) block viral RNA replication in HCV genotype 1b replicon cells (27) (28) (29) .
Although statins are widely used as cholesterol-lowering drugs (30) , their anti-HCV effect has been attributed not to a decrease in cholesterol content but rather to decreases of the nonsterol isoprenoids geranylgeranyl lipids (27, 28) , the biosynthetic pathway of which shares early steps with that of cholesterol ( Fig. 1 ). Although recent studies have shown that downstream enzymes in the cholesterol biosynthetic pathway, such as oxidosqualene cyclase, lanosterol C 14 -demethylase, 24-dehydrocholesterol reductase, and 7-dehydrocholesterol reductase, are required for HCV production (31) (32) (33) , the role of the committed steps of cholesterol biosynthesis in the HCV life cycle is not fully understood.
In this study, we focused on squalene synthase (SQS), which is the first committed enzyme in cholesterol biosynthesis (34) (Fig.  1) . We examined the impact of SQS inhibition on HCV production by using an HCV cell culture system with human hepatoma Huh-7.5.1-derived cells and an HCV genotype 2a isolate, JFH-1 (35) (36) (37) . We present data showing that SQS-mediated cholesterol biosynthesis is important for viral production, and we propose that SQS is a potential anti-HCV target.
peroxidase-conjugated AffiniPure goat anti-mouse IgG(HϩL) (Jackson ImmunoResearch Laboratories, Inc., West Grove, PA, USA) in TBS-T that contained 2% (wt/vol) skim milk. For detection of SQS, the membranes were probed with a 1:5,000 dilution of anti-SQS polyclonal antibody (B01; Abnova Corp., Taipei City, Taiwan) followed by a 1:5,000 dilution of horseradish peroxidase-conjugated AffiniPure goat anti-rabbit IgG(HϩL) (Jackson ImmunoResearch Laboratories, Inc.). Each protein band complexed with the antibody on the membrane was visualized with an enhanced chemiluminescence immunoblotting detection system (GE Healthcare, UK Ltd., Little Chalfont, United Kingdom; Merck Millipore, Billerica, USA) and quantified using Image J 1.440 software (National Institutes of Health, Bethesda, MD, USA).
RT-qPCR analysis. Total RNA was isolated from cells by using an RNeasy Plus minikit (Qiagen, GmbH, Hilden, Germany) and reverse transcribed by random hexamer primers using a Transcriptor first-strand cDNA synthesis kit (Roche Applied Science) according to the manufacturer's protocols. Quantitative reverse transcription-PCR (RT-qPCR) was carried out on the LightCycler system (Roche Applied Science) using LightCycler FastStart DNA Master SYBR green I (Roche Applied Science) and specific primers for the core sequence (5=-CGCAACGTGGGTAAAG TCATCG-3= and 5=-CGGGTAGGTTCCCTGTTGCATAA-3=), the NS5B sequence (5=-CAAGGGTCAAACCTGCGGTTACA-3= and 5=-TGACTA CTAGGTCATCGCCGCATAC-3=), or the human GAPDH sequence (Search-LC, GmbH, Heidelberg, Germany). The relative amounts of viral RNA were calculated by dividing the copy number of a viral transcript by that of a GAPDH transcript in the same sample.
Metabolic labeling of lipids with radioactive acetate and TLC. Cells were plated at 1 ϫ 10 5 cells per well of a 6-well plate 1 day before labeling and then incubated with [ 3 H]acetate (1.85 MBq/well) in serum-free medium for various periods. The cells were washed and harvested with phosphate-buffered saline (PBS), and a lipid fraction was extracted from the cells according to the method of Bligh and Dyer (43) . The lipid fraction was spotted on a silica gel 60 plate (Merck Millipore) and separated by thin-layer chromatography (TLC) using hexane-diethyl ether-acetate (70: 30:1, vol/vol/vol). The incorporation of 3 H radioactivity into each lipid was quantified using a BAS-1800 Bio-Image Analyzer (Fujifilm Corp.) or a Typhoon FLA 7000 biomolecular imager (GE Healthcare, UK Ltd.) and then normalized with the protein levels.
Determination of cholesterol and cholesteryl ester contents. Cells were disrupted in PBS by sonication. The lipid fraction was extracted from the cells as described above. The content of cholesterol in the lipid fraction was determined by an enzymatic colorimetric method using the Wako free cholesterol E test (Wako Pure Chemical Industries, Ltd., Osaka, Japan) according to the manufacturer's protocol and then normalized with the protein levels. The content of cholesteryl esters in the lipid fraction was determined by a direct measurement method for the enzymatic determination of cholesteryl esters as described elsewhere (44) and then normalized with the protein levels.
siRNA transfection. Cells were plated at 3 ϫ 10 4 cells per well in 24-well plates 2 days before transfection and grown in complete medium. siRNA was complexed with Lipofectamine RNAiMAX transfection reagent (Life Technologies Corp.) according to the manufacturer's protocol and then added to the cells at a final concentration of 5 nM. After 5 h of incubation, the cells were washed and then placed in serum-free medium.
Subgenomic replicon plasmids. The HCV subgenomic replicon plasmids used in this study contain the T7 promoter followed by a bicistronic replicon sequence; the first is a part of the core region fused to either the luciferase (luc) gene of the firefly Photinus pyralis or the neomycin phosphotransferase (neo) gene translated under the control of the HCV IRES, and the second is the NS3-NS5B-coding region translated under the control of the encephalomyocarditis virus (EMCV) IRES. Subgenomic replicon plasmids of the JFH-1 strain, pSGR-JFH1/Luc and pSGR-JFH1/Luc-GND (45) , carry the luc gene; the latter contains a GDD-to-GND mutation in NS5B, which abolishes RNA polymerase activity. Subgenomic replicon plasmids of the Con-1 strain (genotype 1b), pFK-I 389 Luci/NS3-3=/NK5.1 and pFK-I 389 neo/NS3-3=/NK5.1/⌬GDD (46), were kindly provided by Ralf Bartenschlager (University of Heidelberg, Germany) and carry the luc gene and the neo gene, respectively; the latter contains a deletion in the GDD active site of NS5B that abolishes RNA polymerase activity. A replication-incompetent mutant of pFK-I 389 Luci/ NS3-3=/NK5.1 was prepared by replacing an AscI-PmeI fragment that codes for the neo gene of pFK-I 389 neo/NS3-3=/NK5.1/⌬GDD with the corresponding fragment that codes for the luc gene from pFK-I 389 Luci/ NS3-3=/NK5.1 (referred to as pFK-I 389 /Luci/NS3-3=/NK5.1/⌬GDD).
In vitro transcription of RNA. Linearization of plasmids, in vitro transcription with T7 RNA polymerase, and RNA purification were performed as previously described (47) except that the AmpliScribe T7 highyield transcription kit (Epicentre Biotechnologies Corp., Madison, WI, USA) was used.
Transfection with in vitro-transcribed RNA. Electroporation was performed as described previously (48) PO 4 , and 5 mM MgCl 2 , pH 7.9) and then pulsed at 975 F and 290 V in a cuvette with a gap width of 0.4 cm by using a Gene Pulser Xcell system (Bio-Rad Laboratories, Inc.). For lipofection, cells were plated at 3 ϫ 10 4 cells per well in a 24-well plate 2 days before transfection. The cells were then transfected with 0.5 g of in vitro-transcribed RNA for 3 h using the TransMessenger transfection reagent (Qiagen, GmbH) according to the manufacturer's protocol.
Luciferase assay. Cells were lysed with cell culture lysis reagent (Promega Corp., Madison, WI, USA). Five microliters of the lysate was mixed with 25 l of luciferase assay reagent (Promega Corp.), and then luciferase activity in the lysate was measured by using a Luminescencer-PSN luminometer (Atto Corp., Tokyo, Japan).
Preparation of HA-tagged NS4B-expressing cells. An expression plasmid that encodes NS4B protein N-terminally fused to a hemagglutinin (HA) tag sequence followed by a tobacco etch virus (TEV) protease cleavage site, pCXN2/HA-TEV-NS4B, was previously described (49) . Huh-7.5.1-8 cells were transfected with pCXN2/HA-TEV-NS4B using FuGENE 6 transfection reagent (Roche Applied Science) and grown in the presence of 500 g/ml of G418. G418-resistant cells were cloned by limiting dilution, and expression of HA-tagged NS4B protein in each clone was confirmed by immunoblotting with a rat anti-HA monoclonal antibody (clone 3F10; Roche Applied Science). Similarly, Huh-7.5.1-8 cells were transfected with a backbone plasmid, a modified version of pCXN2 (50, 51) . The resultant G418-resistant cells were cloned and used as a negative control.
Immunofluorescence analysis. Cells grown on collagen-coated coverslips (Asahi Glass Co., Ltd., Japan) were fixed with 4% paraformaldehyde phosphate buffer solution (Wako Pure Chemical Industries, Ltd.) for 15 min at room temperature. After being washed with 30 mM glycine in PBS, the cells were permeabilized with 0.2% Triton X-100 in PBS for 10 min at room temperature and then blocked with 3% (wt/vol) bovine serum albumin (BSA) in PBS. The cells were incubated with the anti-HA rat monoclonal antibody diluted 1:500 with 1% (wt/vol) BSA in PBS followed by an Alexa Fluor 488 goat anti-rat IgG(HϩL) antibody (Life Technologies Corp.) diluted 1:300 with the same solution. The cells were mounted with ProLong Diamond antifade mountant with 4=,6-diamidino-2-phenylindole (DAPI) (Life Technologies Corp.) and observed using a confocal microscope (LSM 700; Carl Zeiss Microscopy, GmbH, Jena, Germany) equipped with an oil immersion objective lens (PlanApochromat 40ϫ/1.4 oil DIC M27; Carl Zeiss Microscopy, GmbH).
Preparation of and infection with HCVpp. HCV pseudoparticles (HCVpp) were prepared as described previously (52, 53) with slight modifications. Briefly, HEK293T cells were transfected with a Gag-Pol packaging plasmid (Gag-Pol 5349), a reporter (luciferase) plasmid (Luc 126), and a pcDNA3.1(ϩ) (Life Technologies Corp.)-based expression plasmid that encodes HCV envelope proteins (E1 and E2) of the JFH-1 strain (genotype 2a) or the TH strain (54) (genotype 1b) for 24 h using the X-treme Gene HP DNA transfection reagent (Roche Applied Science), and then the medium was replaced with serum-free medium that contained 0.1 mM nonessential amino acids. HCVpp-containing medium was collected after additional 24 to 36 h of culture and used as HCVpp stock. In parallel, HEK293T cells were similarly transfected, except that the envelope protein-expressing plasmid was replaced with pcDNA3.1(ϩ), and their culture medium was used as a negative control. For infection, Huh-7.5.1-8 cells were plated at 6 ϫ 10 4 cells per well of a 48-well plate and grown in serum-free medium for 2 days. The cells were then infected with HCVpp for 6 h at 37°C. After being washed, the cells were grown in complete medium for an additional 3 days and assayed for luciferase activity.
Other methods. Protein concentrations were measured using the bicinchoninic acid (BCA) protein assay reagent (Thermo Fisher Scientific, Inc., Waltham, MA, USA) with BSA as a standard. The amount of viral core protein in a culture supernatant, which is the hallmark of the secreted virus level, was quantified using the Ortho HCV antigen enzyme-linked immunosorbent assay (ELISA) (Ortho-Clinical Diagnostics, Inc., Raritan, NJ, USA). Cell viability was determined by using the XTT cell proliferation kit II (Roche Applied Science). The 50% inhibitory concentration (IC 50 ) was calculated by using the equation "log (inhibitor) versus normalized response" of the nonlinear regression model included in GraphPad Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA). Statistical analysis was performed by Student's t test using the GraphPad calculator (QuickCalcs); differences with a P value of Ͻ0.05 were considered statistically significant.
RESULTS

Anti-HCV effect of YM-53601.
We began to explore the role of the cholesterol biosynthetic pathway in the HCV life cycle by using an SQS inhibitor, YM-53601. We first examined whether HCV JFH-1 can replicate efficiently in Huh-7.5.1-8 cells grown under serum-free conditions where cellular cholesterol requirements are met only through de novo synthesis. The amounts of viral core and NS3 proteins in JFH-1-infected cells clearly increased from the fourth to sixth day postinfection, compared with that of GAPDH protein ( Fig. 2A) . Similarly, the amount of secreted viral particles increased during the time course (Fig. 2B) . These results indicate that the virus replicates efficiently under the serum-free conditions.
We next examined the effect of YM-53601 on JFH-1 virus production in Huh-7.5.1-8 cells grown under serum-free conditions. The amounts of core (Fig. 3A) and NS3 (Fig. 3B ) proteins relative to that of GAPDH protein in infected cells were decreased by the drug treatment in a dose-dependent manner and nearly reached the background level at Ն1 M. Similarly, the relative amount of intracellular viral RNA (Fig. 3C ) and the amount of secreted viral particles (Fig. 3D) were decreased by the drug treatment. The IC 50 for virus secretion calculated from multiple experiments was 0.16 Ϯ 0.10 M (n ϭ 4). In contrast, cell viability was not affected by the drug at up to 1.5 M (Fig. 3E) . These results indicate that YM-53601 inhibits HCV production in Huh-7.5.1-8 cells without affecting cell viability. The drug also inhibited HCV production from Huh-7.5.1-8 cells grown in serum-containing medium (data not shown) with a slightly higher value of IC 50 (0.57 Ϯ 0.66 M; n ϭ 4).
To evaluate the effect of YM-53601 on the infectivity of progeny virus, we inoculated naive Huh-7.5.1-8 cells with culture supernatants that contained viral particles secreted from drugtreated (1 M) and untreated cells. When the inoculum dose was adjusted to contain an equal amount of core protein, these supernatants yielded almost the same amount of progeny viral particles (data not shown), indicating that the drug does not alter the infectivity of progeny virus.
YM-53601 inhibits cholesterol biosynthesis. To test whether YM-53601 inhibits de novo synthesis of cholesterol, we pretreated Huh-7.5.1-8 cells with a 1 M concentration of the drug in serumfree medium for 24 h and then labeled them with (Fig. 4A) and its major metabolites, cholesteryl esters (Fig. 4B) , compared with the control treatment. In contrast, the incorporation into triglycerides was not affected by the drug (Fig.  4C) , indicating a specific effect of YM-53601 on cholesterol biosynthesis. We also determined the cellular contents of cholesterol and cholesteryl esters in Huh-7.5.1-8 cells treated with 1 M YM-53601 in serum-free medium. The contents of cholesterol (Fig.  4D ) and cholesteryl esters (Fig. 4E ) in the drug-treated cells were significantly decreased to 93.5% and 38.0%, respectively, of those in the untreated cells. Collectively, these results confirm that YM-53601 inhibits de novo cholesterol biosynthesis at the antiviral concentrations.
SQS is an anti-HCV target. To further test whether cellular SQS is important for HCV production, we first investigated the effects of another SQS inhibitor, zaragozic acid A (squalestatin S1), on HCV production. The drug decreased the amounts of core and NS3 proteins and viral RNA (data not shown) and progeny virus production (Fig. 5A ) without affecting cell viability (Fig. 5B) , indicating that zaragozic acid A inhibits HCV production as well as YM-53601.
We next investigated the effect of siRNA-mediated knockdown of SQS on HCV production. Huh-7.5.1-8 cells were infected with HCV JFH-1 and then transfected with either an siRNA against SQS (siSQS) or a control siRNA (siCONT). Transfection with siSQS resulted in almost complete depletion of cellular SQS compared with transfection with siCONT (Fig. 6A, bottom row) . The amounts of core and NS3 proteins relative to GAPDH protein in the siSQS-transfected cells were markedly lower than those in the control cells (Fig. 6A, compare lanes 4 to 6 with lanes 1 to 3) . The relative amounts of intracellular viral RNA (Fig. 6B , left pair of bars) and secreted viral particles (Fig. 6C , left pair of bars) were also decreased in the siSQS-transfected cells. A similar antiviral effect was observed with another siRNA for SQS (a Stealth RNAi siRNA, HSS103616) (data not shown). These results indicate that siRNA-mediated knockdown of SQS leads to reduced HCV production.
A metabolic labeling experiment with [ 3 H]acetate confirmed that transfection with siSQS causes a specific decrease in cholesterol biosynthesis (Fig. 6D) . To rescue the defective cholesterol biosynthesis, we added LDL (final concentrations, 5 and 10 g/ ml) to the medium of HCV-infected cells after siSQS transfection. The inhibition of virus production by siSQS was reversed by the addition of LDL (Fig. 6A to C) , suggesting that the antiviral effect is attributable to a decrease in cellular contents of cholesterol and/or cholesteryl esters. Consistent with this, the inhibition of virus production by YM-53601 was also reversed significantly by the addition of LDL as judged by intracellular viral protein levels (Fig. 7) .
Collectively, these results demonstrate that SQS is a potential target for anti-HCV strategies.
An ACAT inhibitor does not show an anti-HCV effect. The degree of decrease in the cholesteryl ester content after treatment with YM-53601 (Fig. 4E) was substantially higher than that in the cholesterol content (Fig. 4D) , raising the possibility that biosyn- thesis of cholesteryl esters is more important for HCV production than that of cholesterol. To test this possibility, we examined the effect of Sandoz 58-035, an inhibitor of acyl-CoA:cholesterol acyltransferase (ACAT) that catalyzes the biosynthesis of cholesteryl esters from cholesterol and fatty acyl-CoA, on HCV production. A metabolic labeling experiment with [ 3 H]acetate verified that treatment with 30 M Sandoz 58-035 inhibits cholesteryl ester synthesis but not cholesterol and triglyceride syntheses in Huh-7.5.1-8 cells grown in serum-free medium (Fig. 8A) . When Huh-7.5.1-8 cells were infected with HCV JFH-1 and then treated with either 30 M Sandoz 58-035 or DMSO (control) in serum-free medium, virus secretion from the drug-treated cells was similar to that from the control cells (Fig. 8B ). Taken together with the results shown in Fig. 3 and 4 , these results suggest that biosynthesis of cholesterol, but not that of cholesteryl esters, is important for HCV production.
YM-53601 inhibits RNA replication of HCV JFH-1. To investigate which stages of the HCV life cycle are targeted by YM-53601, we conducted a transient-replication assay using a subgenomic replicon, SGR-JFH1/Luc (45) . When cells are transfected with this replicon RNA, the self-encoded viral RNA replicase (NS3-NS5B) is expressed under the control of the EMCV IRES and then amplifies the replicon in the cells. The replicon also encodes luciferase translated under HCV IRES control, thereby allowing quantitation of viral RNA replication and translation activities via luciferase expression. Parallel transfection with a replication-incompetent mutant replicon, SGR-JFH1/Luc-GND (45), enables estimation of the level of replication-independent luciferase expression from the input replicon. As shown in Fig. 9A , luciferase activity in the wild-type replicon-transfected cells reached its peak at 47 h posttransfection and then declined. In the presence of YM-53601, the peak activity was decreased to approximately half of that in the control cells. The mutant replicon yielded very low luciferase activity irrespective of the drug treatment, confirming that the activity yielded by the wild-type replicon at 23 to 71 h posttransfection was dependent on viral RNA replication. Multiple experiments showed that the drug treatment lowered the luciferase activity at 46 to 50 h posttransfection to 52.6% Ϯ 11.3% (mean Ϯ standard error of the mean [SEM]; n ϭ 5) of the control activity.
To test whether YM-53601 inhibits HCV IRES-dependent translation, we transfected drug-pretreated Huh-7.5.1-8 cells with the replication-incompetent mutant replicon SGR-JFH1/Luc-GND and then monitored luciferase expression in the presence of the drug for up to 21 h. Because the replicon cannot be replicated, luciferase activity yielded by the mutant replicon is attributable exclusively to HCV IRES-dependent translation and reflects the residual amount of the input replicon RNA. As shown in Fig. 9B , luciferase activity in the drug-treated cells and untreated control cells reached its peak at 3 h posttransfection and then declined. During the time course, the activity in the drug-treated cells was not lower, but rather was higher, than the activity in the control cells. Furthermore, the level of NS3 protein that was expressed from the mutant replicon changed similarly in the drug-treated and control cells, reaching its peak at 3 to 6 h posttransfection (Fig.  9C) . Thus, it appears unlikely that YM-53601 impairs HCV IRESdependent translation or viral RNA and NS protein stability.
Taken together, these results suggest that YM-53601 inhibits the RNA replication of HCV JFH-1.
YM-53601 does not affect the cellular distribution of NS4B protein. It is possible that YM-53601 alters the formation of the HCV-specific ultrastructure termed the membranous web, which serves as a scaffold for the viral RNA replication complex (55, 56) , thereby inhibiting viral RNA replication. To test this possibility, we treated Huh-7.5.1-8 cells stably expressing HA-tagged NS4B protein with YM-53601 for 3 days in serum-free medium. It has been shown that the membranous web is induced by NS4B protein alone (55, 57) and appears as NS4B-accumulating foci or dots under fluorescence microscopy (58, 59) . We found small intense foci that were detected with an anti-HA antibody in non-drugtreated cells (Fig. 10C) and are similar to the NS4B foci previously reported (58, 60, 61) . The foci were not detected in Huh-7.5.1-8 cells transfected with a backbone plasmid (Fig. 10A and B) . Drug treatment resulted in no apparent alteration in NS4B foci (Fig.  10D) or the expression level of NS4B protein (data not shown), suggesting that the drug does not grossly alter the formation of the membranous web by NS4B protein.
RNA replication of HCV genotype 1b is not inhibited by YM-53601. To examine whether YM-53601 is able to inhibit viral RNA replication of HCV strains other than the JFH-1 strain (genotype 2a), we performed a transient-replication assay using a subgenomic replicon of the Con-1 strain (genotype 1b), FK-I 389 Luci/ NS3-3=/NK5.1 (46) , and its replication-incompetent mutant, FK-I 389 /Luci/NS3-3=/NK5.1/⌬GDD. Consistent with the previous report (46) , time-dependent luciferase expression in the Con-1 replicon-transfected cells exhibited a downward-sloping pattern: luciferase activity at early time points (2.5 to 7 h posttransfection) was higher than the activity at later time points (Fig. 11A) . At the early time points, the activity in the wild-type replicon-transfected cells was lower than the activity in the mutant replicon-transfected cells, indicating that RNA replication is too low to be detected at these early points. Afterwards, the activity in the wild-type replicon-transfected cells stayed higher than the activity in the mutant replicon-transfected cells, indicating that the difference between these activities was attributed to viral RNA replication. Unlike in the case of the JFH-1 replicon, treatment with YM-53601 did not lower RNA replication-dependent luciferase expression but rather enhanced it. From multiple experiments, the luciferase activity in the drug-treated cells at 46 to 50 h posttransfection was 284% Ϯ 62% (mean Ϯ SEM; n ϭ 4) of the control activity.
To increase the impact of YM-53601, we performed a similar transient-replication assay using Huh-7.5.1-8 cells pretreated with the drug in serum-free medium for 2 days. Unexpectedly, serumfree preculture before transfection led to an overall decrease of two orders of magnitude in luciferase expression (Fig. 11B) . In untreated control cells, RNA replication-dependent luciferase expression (i.e., the difference between the activity yielded by the wild-type replicon and that yielded by the mutant replicon) was not clearly found until 47 h posttransfection (compare black bars with hatched bars). However, RNA replication-dependent luciferase expression in drug-treated cells was found at and after 7 h posttransfection (compare gray bars with white bars) and was slightly higher than that in the untreated cells. Thus, the RNA replication-dependent luciferase expression does not appear to be inhibited by even a prolonged drug treatment.
Taken together, these results suggest that RNA replication of the Con-1 strain is not inhibited by YM-53601.
Entry of HCVpp of genotype 2a but not genotype 1b is blocked by YM-53601. To further investigate how YM-53601 blocks HCV production, we conducted an entry assay for HCV pseudoparticles (HCVpp), which enter cells by using HCV enve- Statistical analysis was performed between drug-treated and control cells harboring the same replicon. *, P Ͻ 0.05; **, P Ͻ 0.01; ***, P Ͻ 0.001. lope protein but replicate via a retroviral system (52) . Although YM-53601 was added to cells after infection ( Fig. 3 and 7) , a block at the step of entry of progeny virus is possible because more than one round of infection can occur under our experimental conditions. Huh-7.5.1-8 cells were preincubated with YM-53601 in serum-free medium for 2 days and then infected in the presence of the drug with HCVpp harboring envelope glycoproteins from the JFH-1 strain. The cells were thereafter incubated in the absence of the drug for 3 days, and luciferase activity, reflecting the degree of HCVpp entry into host cells, was measured. Treatment with YM-53601 reduced luciferase activity to less than 50% of the activity in untreated cells (Fig. 12, left two bars) . Infection with mock HCVpp prepared without envelope glycoproteins did not yield luciferase activity (Ͻ3 relative light units [RLU]/g protein), confirming that luciferase expression is dependent on the envelope glycoproteins (data not shown). When the drug was added only at HCVpp infection, no reduction in the luciferase expression was found (Fig. 12, third bar from left) , suggesting that the drug targets cells but not HCVpp. These results are consistent with the previous report showing partial cholesterol dependency of HCV entry (14) . Similarly, we tested the effect of the drug on HCVpp harboring envelope glycoproteins from genotype 1b HCV (strain TH). Drug treatment before and during infection or only during infection did not significantly alter luciferase expression (Fig. 12, right three bars) . Taken together, these results suggest that YM-53601 blocks entry of HCV genotype 2a but not that of genotype 1b.
DISCUSSION
The main aim of this study was to elucidate the importance of the committed pathway of cholesterol biosynthesis in the HCV life cycle. We have shown that three types of SQS inhibitor, YM-53601 (Fig. 3) , zaragozic acid A (Fig. 5) , and siSQS (Fig. 6) , inhibited HCV JFH-1 production in Huh-7.5.1-8 cells in a similar manner. In particular, YM-53601 exerted an antiviral effect without remarkable cell toxicity. The antiviral effect of SQS inhibition was reversed by the addition of LDL (Fig. 6 and 7) , indicating that the effect is attributable to cellular cholesterol and/or cholesteryl ester deficiencies (Fig. 4 and 6 ). Unlike YM-53601, no antiviral effect was observed with the ACAT inhibitor Sandoz 58-035 (Fig. 8) , suggesting that synthesis of cholesterol rather than that of cholesteryl esters is important for HCV production. From these findings, we conclude that the committed pathway of cholesterol biosynthesis that begins with squalene synthesis (Fig. 1) plays an important role in the HCV life cycle. This conclusion is consistent with recent studies showing that inhibition of oxidosqualene cyclase, lanosterol C 14 -demethylase, 24-dehydrocholesterol reductase, 7-dehydrocholesterol reductase, and SQS (discussed below) leads to decreased HCV production (31) (32) (33) 62) . Furthermore, we propose that SQS is a potential target for anti-HCV strategies because all the SQS inhibitors tested in this study exerted anti-HCV effects. It has been reported that the peak plasma concentration of YM-53601 is 0.92 g/ml (approximately 2.5 M) after oral administration in rats at a dose with a cholesterol-lowering effect (38, 63) . This concentration is roughly close to the IC 50 of YM-53601 for HCV production in the presence of serum. Thus, YM-53601 might exert an anti-HCV effect in vivo.
Using a transient-replication assay (Fig. 9A ) and the HCVpp system (Fig. 12) , we found that suppression of HCV RNA replication and entry is involved in the antiviral mechanism of YM-53601 against JFH-1 virus. However, the degrees of suppression of these processes were at most approximately 50% in our assays. Accordingly, these mechanisms alone may not explain the more severe inhibition of HCV production observed in the HCV cell culture system (Fig. 3) . Possibly, some steps in the HCV life cycle other than RNA replication and entry might be sensitive to the drug. Alternatively, some steps which are not reproduced in the subgenomic replicon and HCVpp systems might be more sensitive to the drug. YM-53601 inhibited transient RNA replication of the subgenomic reporter replicon from the JFH-1 strain (genotype 2a) (Fig. 9A ) but somewhat enhanced that of the subgenomic replicon from the Con-1 strain (genotype 1b) (Fig. 11) . Similarly, the drug inhibited entry of genotype 2a, but not genotype 1b, HCVpp (Fig.  12) . These findings raise the possibility that the cholesterol requirement for HCV RNA replication and entry varies among virus genotypes. Consistent with our results, previous studies have shown that SQS inhibition by zaragozic acid A leads to an enhancement of genotype 1b RNA replication (28, 31) . This effect appears to be caused by an increase in geranylgeranyl pyrophosphate, which is required for geranylgeranylation of a viral host factor, and elevated expression of HMG-CoA reductase (31) . In the case of genotype 2a, the effect might be overwhelmed by antiviral effect caused by cholesterol depletion. Interestingly, genotype-specific inhibition of HCV RNA replication was also observed with inhibitors of sphingomyelin biosynthesis (19, 64, 65) . Thus, major components of lipid rafts, i.e., cholesterol and sphingomyelin, appear to be similar in that they both contribute to HCV RNA replication in a genotype-dependent manner.
During preparation of this paper, Park et al. reported that siRNAs against farnesyl-diphosphate farnesyltransferase 1 (another name for SQS) and YM-53601 impair propagation of the HCV Jc1 strain (genotype 2a) in Huh-7.5 cells (62) . They suggested that these agents target viral RNA replication by using a luciferaseencoding full genomic replicon of the JFH-1 strain and genotype 2a subgenomic replicon cells. These findings are consistent with our results. However, their finding that the viral RNA level in genotype 1b subgenomic replicon cells is decreased by SQS knockdown appears to argue against our results, as we could not find any antiviral effect of YM-53601 on genotype 1b RNA replication (Fig.  11) . Although the reason for this discrepancy is currently unknown, differences in the culture conditions (serum-containing medium versus serum-free medium), replication assay (RT-qPCR versus reporter), methods of SQS inhibition (siRNA versus drug), and origin of the subgenomic replicon might be involved. In any case, we should evaluate the effects of SQS inhibitors on the complete life cycle of HCV genotype 1b when cell culture systems capable of supporting its growth are developed. Huh-7.5.1-8 cells were grown in serum-free medium that contained 1.5 M YM-53601 (white bars) or DMSO (black and hatched bars) for 2 days and then infected with HCVpp in the presence (white and hatched bars) or absence (black bars) of the drug. The cells were further grown in complete medium without the drug for 3 days and assayed for luciferase activity. Data are means Ϯ SD for triplicate samples from one representative experiment. Similar results were obtained in two independent experiments. *, P Ͻ 0.05.
Our data suggest that biosynthesis of cholesterol, rather than that of cholesteryl esters, is important for HCV production (Fig.  8) . Treatment with YM-53601 led to only a slight reduction in cholesterol levels (Fig. 4D ) but severely impaired HCV production, implying that the drug selectively decreases relatively minor but specific pools of cellular cholesterol that are important for HCV production. Given that lipid rafts may serve as sites for viral RNA replication (15) (16) (17) , assembly (19, 20) , and virus entry (14, 19, 66) , one scenario is that YM-53601 might selectively decrease lipid raft-associated cholesterol, thereby perturbing these processes. Consistent with this proposition, inhibition of SQS in prostate cancer cells results in a decrease of raft-associated cholesterol rather than nonraft cholesterol (67) . On the other hand, a recent study has shown that purified double-membrane vesicles containing active HCV RNA replication complexes are highly enriched with cholesterol (68), although they originate from the ER, which is poor in cholesterol (69) . It has also been shown that cholesterol depletion from the double-membrane vesicles decreases viral RNA levels associated with them, suggesting that cholesterol is an important structural component of HCV RNA replication complexes. Cholesterol biosynthesis (70) and HCV RNA replication (71, 72) both occur in the ER, and some cholesterol biosynthetic enzymes, including SQS, are partially copurified with components of HCV RNA replication complexes (73) , implying that the cholesterol biosynthetic machinery might be closely associated with HCV RNA replication complexes in the ER. Thus, another scenario is that YM-53601 might decrease newly synthesized ER cholesterol pools, which might be preferentially used for structural components of membrane-bound viral RNA replication complexes. Preferential use of newly synthesized cholesterol in the formation of envelope membranes of human immunodeficiency virus has been found (74) . Note that we could not detect any impact of YM-53601 on the morphology of NS4B-induced foci, which are considered scaffolds of viral RNA replication complexes, under fluorescence microscopy ( Fig. 10) . Thus, alteration in the structure of RNA replication complexes caused by YM-53601, if any, might be found at the ultrastructural level.
Our data provide evidence that the committed pathway of cholesterol biosynthesis is important for HCV production, consistent with recent studies (31) (32) (33) 62) . Moreover, we found that biosynthesis of cholesterol, but not of cholesteryl esters, is important for this process. The identity of the cholesterol pools required for HCV production and the molecular mechanisms underlying the cholesterol requirement should be elucidated in future studies. Our data also provide concrete evidence that SQS is a potential anti-HCV target. Further studies are required to ascertain the anti-HCV activity of SQS inhibitors in vivo. SQS inhibitors are expected to exert fewer adverse effects on human cells than statins because SQS inhibitors lower cholesterol without depleting nonsterol isoprenoids (75, 76) . For this reason, many compounds targeting SQS have been developed in the past by the pharmaceutical industry as potential cholesterol-lowering drugs for hypercholesterolemia. Thus, reevaluation of these compounds for potential anti-HCV activity might offer a time-saving and costeffective approach for developing anti-HCV drugs.
